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Coherency strain enhanced dielectric-temperature property of rare-earth Core/shell-grained BaTiO 3 samples were prepared with addition of rare earth elements. The core/shell interface was semi-coherent, and many misfit dislocations formed in Dy-doped samples. In contrast, a coherent interface and few dislocations were observed in Ho-and Er-doped samples. Dy-doped samples exhibited poor temperature stability, showing a peak with no frequency dispersion. Ho-and Er-doped samples exhibited a broad curve with frequency dispersion. This improved temperature stability is attributed to the coherency strain, which leads to the formation of polar nano-regions in the shell. Coherency at the core/shell interface is critical to improve the temperature stability of core/shellstructured BaTiO 3 Stable dielectric-temperature behavior is required for application of BaTiO 3 -based ceramics in multilayer ceramic capacitors (MLCCs). Since a report by Kahn, 1 the formation of a core/shell structure in BaTiO 3 -based ceramics has attracted much attention from researchers because of its significant contribution to enhancing dielectric-temperature stability. [2] [3] [4] [5] [6] [7] [8] [9] [10] The enhanced stability has been attributed to chemical inhomogeneity 2, 5, 11 and stored internal stresses in grains. 3, 12 The chemical inhomogeneity includes a compositional fluctuation in the shell region and a compositional difference between the core and the shell. The shell phase has a range of phase transition temperature, which can exhibit diffuse phase transition (DPT) behavior, showing temperature insensitive dielectric permittivity. 2, 5, 11 The internal stresses formed in core/shell grains were also suggested to have a significant effect on the dielectric-temperature behaviors of BaTiO 3 . 3 The nonuniform substitution of Ba or Ti with other elements that have different ionic sizes also causes a continuous change in the lattice parameter and thus a lattice distortion in the shell region. Internal stresses can also be developed during cooling of the core/shell grains as a result of the discrepancy in the phase transition temperature between the core and the shell: the core phase of pure BaTiO 3 transforms from cubic to tetragonal at about 120 C while the shell phase maintains a pseudo-cubic structure down to room temperature. A lattice strain arises mainly at the core/shell boundaries. For both thin film and bulk BaTiO 3 materials the internal stresses resulting from the residual strain can drastically change the phase transition behavior. [12] [13] [14] For a given core/shell structure, however, it has been difficult to differentiate the aforementioned two contributions, chemical inhomogeneity and internal stresses. However, by preparing two kinds of samples with the same core/shell structures but with different residual strain states, it will be possible to observe the strain effect on the dielectric properties.
Based on this idea, we prepared two types of samples, with coherent and semi-coherent core/shell interfaces, by adding rare-earth elements (Dy, Ho, Er) of different ionic sizes. These rare-earth elements exhibit similar substitution behavior and similar effects on dielectric-temperature behavior 9, 15 but have different effects on the residual strain. 16 Our experimental results show that the coherency strain at the core/shell interface considerably improves the dielectric-temperature stability of core/shell structured BaTiO 3 materials.
Samples with a composition of 92BaTiO 3 -3R 2 O 3 -3MgO-2SiO 2 (R: rare-earth) (mol %) were prepared from commercial powders of BaTiO 3 (0.3 lm, 99.99% purity, KCM Co., Nagoya, Japan), MgO (99.9% purity, Ube material industries, Ltd., Ube, Japan), SiO 2 (99.85% purity, Wako pure chemical industries, Ltd., Osaka, Japan), Dy 2 O 3 (99.9% purity, Sigma-Aldrich Inc., MO, USA), Ho 2 O 3 (99.9% purity, Sigma-Aldrich), and Er 2 O 3 (99.9% purity, SigmaAldrich) powders. The proportioned powders were ballmilled, dried, sieved, and cold isostatically pressed at 200 MPa. After burning out the powder compacts at 900 C for 1 h in air, the compacts were sintered at 1300-1350 C in wet H 2 (P O2 ¼ 10 À13 $ 10 À14 atm) for different periods of time. All the samples were densified to over 5.8 g/cm 3 during sintering. Microstructures were observed using a scanning electron microscope (Philips, Eindhoven, Netherlands) and a transmission electron microscope (JEOL Ltd., Tokyo, Japan) operated at 200 kV.
The crystal structures of the grains were identified, and the residual strain in the grains was estimated by the HallWilliamson method 17, 18 after conventional X-ray diffraction (XRD). The integral breadth at half-maximum intensity of the XRD peaks of five clear peaks (100, 101, 111, 200, and 202) was taken for estimation of the strain by profile fitting using MDI Jade 5.1 software. For the measurement of dielectric properties, the BaTiO 3 samples sintered in wet H 2 were re-oxidized at 1150 C for 10 h in air. The dielectric properties were measured using an Agilent 4284A precision LCR meter with a 1 V rms in a temperature range from À55 C to 150 C and a frequency range from 1 kHz to 1 MHz after coating an Ag paste on both surfaces of the samples. heating and cooling rate during the measurement was, respectively, 0.8 K/min. Figure 1 shows TEM and SEM micrographs of (a) Dy-, (b) Ho-, and (c) Er-doped BaTiO 3 samples (hereafter, denoted as Dy-BT, Ho-BT, and Er-BT, respectively) sintered under different conditions. When co-doped with Mg, rare-earth containing BaTiO 3 commonly forms a core/shell structure during sintering. 9, 16, 19, 20 The experimental conditions were chosen to obtain similar microstructures of the samples with different elements. The SEM micrographs in the insets of Figs. 1(a)-1(c) with typical core/shell grains show that the rareearth doped samples have similar core and shell sizes. The bulk densities of different samples were also similar; the difference was less than 2%. Therefore, macroscopically, the samples have similar microstructures in terms of sintered density, grain size, and core/shell size.
Microscopically, however, there are substantial differences between Dy-BT, Ho-BT, and Er-BT, as the TEM micrographs in Fig. 1 show. The grains in Dy-BT contain many dislocations, in particular near the core/shell interface, while those in Ho-BT and Er-BT do not. One of the misfit dislocations in a grain of Dy-BT is magnified and shown in the upper inset of Fig. 1(a) as an inverse Fourier transformed image. An atomic mismatch near the core/shell boundary can clearly be seen.
The formation of misfit dislocations should result in loss of coherency strain, as in the case of coherency breaking with the formation of misfit dislocations during diffusioninduced grain boundary migration. [21] [22] [23] [24] Figure 2 presents Hall-Williamson plots obtained from the XRDs of the three kinds of samples using the following equation (as the shapes of the diffraction peaks were mostly closer to Gaussian rather than Cauchy, the use of Eq. (1) is justified, unlike the case of a previous investigation. 25 In addition, regarding the strain states of different samples, plots obtained by using the equation for Cauchy shape gave the same conclusion as those obtained by using Eq. (1) 
where b 1=2 is the true integral breadth line at half maximum intensity after instrumental correction, d the grain size, and e the elastic strain. In Fig. 2 , the residual strain in the grains can be obtained from the slope of the plot. The values of ðb 1=2 cos h=kÞ 2 Â10 6 and ð4 sin h=kÞ 2 are similar to those obtained in a previous study for BaTiO 3 . 26 The slope of the Er-BT sample is the highest and that of the Dy-BT sample the lowest. The lowest slope of Dy-BT indicates that the strain in the core/shell grains is the lowest among different samples. In a previous investigation of rare-earth doped core/shell grains and additionally a reduction of residual strain with grain growth (shell thickening) in Dy-doped samples. They also observed, on the other hand, that the strain of Y-doped core/shell grains increased continuously without appreciable grain growth as the sintering temperature was increased. They suggested that the strain relaxation in the Dy-doped sample caused the grain growth. They did not, however, clarify the causes of the strain relaxation in the Dy-doped sample or the strain increase in the Y-doped sample with increasing sintering temperature.
Our results clearly show that the strain relaxation in Dy-BT is due to coherency breaking at the core/shell interface with the formation of misfit dislocations. In terms of mechanics, a core/shell structure is in a similar state to that of a hetero-epitaxial thin film. The shell phase with a lattice parameter different from that of the core should initially grow epitaxially on the core. At this stage, the residual strain in the shell is proportional to the degree of lattice mismatch between the core and the shell. When the coherency strain exceeds a critical value (e c ), the coherency is broken with the formation of many misfit dislocations. 22, 28 The lattice parameter of the shell phase varies with the dopant species. Kishi et al. 16 measured the variation of the lattice parameter of BaTiO 3 for different rare-earth species and amounts in BaTiO 3 -MgO-R 2 O 3 systems (R: La, Sm, Dy, Ho, Er, and Yb). Among them, small rare-earth elements, Dy, Ho, and Er, are amphoteric with similar substitution behavior but result in significant differences in the lattice parameter. The lattice parameter of BaTiO 3 increased with addition of Er while it drastically decreased with addition of Dy and slightly decreased with addition of Ho (up to 3 mol %). Considering that the lattice volume of the core phase (pure BaTiO 3 ) expands (%1%) with the cubictetragonal phase transition during cooling, 3 the lattice mismatch at the core/shell boundaries must be intensified with the substitution of a small rare-earth element, particularly Dy. The strain energy also increases with shell thickening accompanied by grain growth. When the residual strain energy exceeds a critical value with shell thickening, the strain energy is released with the introduction of many misfit dislocations at the core/shell interfaces, as in the case of thin film growth on a substrate. 28 In our case, the Dy-BT sample should have the highest intensive residual strain (>e c ) in the core/shell grains among the three kinds of samples although a slight increase of the ionic radius of Dy in the Ba-site is anticipated with the reduction from 3þ to 2þ at low temperature. 29, 30 The strain in the Dy-BT sample appeared to be released with the formation of misfit dislocations near the core/shell interface, as shown in Fig. 1(a) . On the other hand, the Er-and Ho-doped core/shell grains are thought to be under strains lower than a critical value as they maintained coherency at the core/shell boundaries. Figure 3 plots the variation of the dielectric permittivity and tangent loss of the Dy-BT, Ho-BT, and Er-BT samples with temperature. The dielectric permittivity curve of Dy-BT shows a peak at 45 C while Ho-BT and Er-BT present smooth curves, showing insensitive variation of the dielectric permittivity with temperature. This difference can also be quantitatively expressed as the degree of diffuseness in the modified Curie-Weiss law
where e m is the maximum value of dielectric permittivity, e is the dielectric permittivity at temperature T, T m is the temperature at the peak of the dielectric permittivity, and C and c are constants. The c value represents the degree of diffuseness. c has a value of 1 and 2 for a normal ferroelectric and for completely DPT, respectively. 32 From the plots of lnð1=e-1=e max Þ vs lnðT-T max Þ in the inset of Fig. 3 , the c value was obtained as 1.54 for Dy-BT, $2 for Ho-BT and Er-BT. The tangent loss of Dy-BT is similar to those of Ho-BT and Er-BT above T m ; however, below T m , it is slightly higher than those of Ho-BT and Er-BT.
A similar temperature dependence of dielectric permittivity was also observed in Dy-, Y-, and Ho-doped BaTiO 3 samples by Park et al. 9 The Dy-doped core/shell structure showed peaked behavior while the Y-and Ho-doped core/ shell structures showed typical broad curves, as in our study. As the grain size of the Dy-doped sample was larger than that of the other samples, they suggested that the distinct characteristics of the Dy-doped sample are related to the thickening of the shell. Our results, however, reveal that the inferior dielectric-temperature behavior of the Dy-BT sample is related to coherency breaking at the core/shell interface.
A considerable difference in the variation of the dielectric property with frequency was also observed among Ho-BT, Er-BT, and Dy-BT, as shown in Fig. 4 . As the frequency increased, significant T m shifts toward high temperature (frequency dispersion) were observed for Ho-BT and Er-BT (Fig. 4(a) ): from 1 C at 1 kHz to 15 C at 1 MHz. In contrast, Dy-BT shows invariable T m at 45 C for the same frequency variation, as presented in Fig. 4(b) . The frequency dispersion of Ho-BT can be described by the Vogel-Fulcher relationship 33, 34 
where f is the experimental frequency, f 0 is the pre-exponential factor, E a is the activation energy for the relaxation process, k B is the Boltzmann constant, and T m and T f are the maximum temperature and freezing temperature in absolute value, respectively. The inset in Fig. 4(a) shows that the measured data fit the Vogel-Fulcher equation well. From the fitting, values of f 0 ¼ 9.81Â10 11 Hz, E a ¼ 0.05 eV, and T f ¼ 246 K are obtained. These values are within the range of the calculated typical values for relaxor materials. 35, 36 In addition, the merging of dielectric permittivity curves of Ho-BT (and Er-BT) for different frequencies at high temperature also indicates typical relaxor behavior, as usually observed in Pb-based relaxor materials. 37 Consequently, the frequency dispersion of T m that is observed in Ho-BT and Er-BT is a typical characteristic of relaxor ferroelectrics showing DPT. [36] [37] [38] It can be therefore concluded that the residual strain (coherency strain) induced DPT, confirming the previous suggestion of an internal stress effect on DPT. 3 Correa et al. 39, 40 studied the residual strain effect in a PbSc 0.5 Nb 0.25 Ta 0.25 O 3 system by comparing the dielectrictemperature behaviors of strain-induced thin film and strainreleased bulk samples. They observed a strong frequency dispersion of T m in the strain-induced thin films while frequency independent peak position was noted in the strainreleased bulk samples. If the residual strain is sufficiently intensive to change the position of ions, frequency dispersion is an indication of the destruction of long range ordering of atoms by a residual strain. 40 The destruction of long range ordering leads to a local distortion of the crystal structure, giving rise to the formation of polar nano-regions (PNRs). 35, 36 Our study shows that the difference in the observed frequency dependency between the Dy-BT sample and the Ho-BT and Er-BT samples is related, respectively, to the absence and the presence of coherency strain at the core/shell interface. The difference is also an indication of insignificant and significant presence of PNRs in the shell region. The present microstructural observations and dielectric property measurements demonstrate that the coherency strain in core/shell grains has a significant contribution to temperature stability of the dielectric permittivity. The effect of the coherency strain on the formation of PNRs in the shell region, however, is not confirmed in the present investigation. More sophisticated TEM observations and micro-stress measurements are needed to identify the coherency strain effect on the formation of PNRs in the future.
In conclusion, the effect of coherency strain at the core/ shell interface on the dielectric-temperature behavior of BaTiO 3 has been investigated with doping of three rareearths (Dy, Ho, Er). Coherency between the core and shell was maintained in the Ho-and Er-doped BaTiO 3 samples while the coherency was broken with the formation of many misfit dislocations in the Dy-doped samples. The temperature stability of the dielectric properties was much better for the samples with a coherent interface than for the samples with a semi-coherent interface. The superior dielectrictemperature response in samples with a coherent interface is attributed to the coherency strain present in the core/shell grains, which can induce the formation of PNRs in the shell region. The present results demonstrate that maintaining coherency at the core/shell interface is necessary to ensure good temperature stability of core/shell grained BaTiO 3 .
